I. INTRODUCTION
Recently, many industrial products are getting smaller and smaller. So it is necessary to make small semiconductors which are used in manufacturing of many industrial products. A micro/nano technology is a key technology in industrial field. A micro/nano positioning has become an essential issue in modern technologies including biological cell manipulation, micro surgery operation, scanning tunnel microscopy, micromachining, atom force microscopy, and so on. These applications have one common task, that is, to manipulate object with long range, nanometer precision, and high speed. Therefore, the requirements of a nano positioning system are high resolution, long range, compact size, high dynamic performance, and multi-axis motion.
A conventional precision positioning consists of revolute joints and prismatic/sliding joints, such as a ball-screw mechanism. A ball-screw is commonly utilized to convert rotational motion to linear motion. To achieve higher precision motion of positioning, linear motor and voice coil motor (VCM) developed to apply nano positioning system. However, these mechanical components have many shortcomings, such as backlash, friction, stick-slip, and slow response. To overcome these shortcomings, a flexure structure was proposed. A flexure is well suited for precision application because they have backlash-free, no wear, no friction, and good repeatability. Also they have a monolithic structure that reduces assembly errors. Thus, flexure mechanism is commonly used in recent nano positioning technology. 1 Apart from flexure mechanism, piezoelectric actuator is suitable and commonly used in nano positioning technology. Piezoelectric actuator has great advantages, such as sub-nanometer level resolution, high dynamic performance, and compact size. However, piezoelectric actuator has low moving range. This drawback of piezoelectric actuator can be overcome using a displacement amplifier. 2 Displacement amplifier is integrated with actuator to make lengthy range. Thus, recently ultra-precision positioning system uses piezoelectric actuator with displacement amplifier which is called flexure. There are many stages which have in-plane (X, Y, θ z ) directional motion, 13, 14 but there are not many 3-DOF out-of-plane stages.
There are a large number of researches of ultra-precision positioning using piezoelectric actuator with flexure. Xu et al. proposed displacement amplifier for flexure hinge. 2 Zhang et al. developed 3-DOF out-of-plane stage which has 11.8 μm of z-axis working range and 22.7 arc sec of tilt angle. 3 This stage's dynamic performance is 587 Hz which is the first natural frequency of the stage. However, this stage has small working range. Dong et al. proposed 6-DOF positioner using piezoelectric actuator. 4 This stage has ±5 mm (X, Y, Z), ±3
• (θ x , θ y , θ z ) moving range. This stage has big size and low resolution. Hu et al. made compact 6-DOF stage which has 24.56 μm of z-axis and 1 mrad of tilt axis. 5 This stage has compact size but small moving range. Kim et al. proposed compact 3-DOF out-of-plane stage which uses spherical hinge and lever amplifier 6 but this stage also has small range.
As shown in previous research, there is no 3-DOF outof-plane stage that has long range, high dynamic performance, and compact size. Also, there is no hollow type outof-plane stage. A hollow type stage has many usages, such as biomedical measurement, various transmit type microscope, and wafer alignment.
In this paper, a novel hollow type 3-DOF out-of-plane stage using new compact bridge type amplifier is proposed. The stage achieved long range, compact size, and high dynamic performance using novel design of amplifier. Section II introduces the mechanical system of the 3-DOF stage and the new compact bridge type (NCBT) amplifier. Section III presents high performance of NCBT amplifier comparing conventional bridge type. Modeling of the 3-DOF Rev. Sci. Instrum. 84, 115103 (2013) stage and optimal design of the stage are presented in Secs. IV and V, respectively. Section VI presents experimental results which are carried out to verify the static and dynamic performance. Finally, conclusions are given in Sec. VII.
II. MECHANICAL SYSTEM DESIGN

A. System configuration
The design objective is to develop a compact and piezoactuated three-axis compliant stage with nanometer resolution. Achieving a large range of motion, we use semi-parallel compliant mechanism which is consists of four actuation units. The schematic diagram of the tripod parallel configuration is shown in Fig. 1(a) . 6 The tripod parallel configuration is commonly used in out-of-plane nano positioning stage. However, the tripod parallel configuration has some disadvantages that are difficulty of control, i.e., small range of motion. The proposed semi-parallel mechanism is depicted in Fig. 1(b) , which is consists of the upper plate to support the specimen, four actuation units, and the base plate to fasten the actuation units. Each actuation unit is located in each side of a square. The configuration of the proposed semi-parallel mechanism is symmetric to reduce the effects of thermal gradients.
The proposed semi-parallel mechanism was designed and constructed from 6061 aluminum because the material offered a good machinability and a high ratio of yield stress to elastic modulus for good repeatability. But 6061 aluminum has a high thermal expansion coefficient. To overcome this problem, we installed an immersion circulator in laboratory to maintain temperature. The size of the proposed stage is 150 × 150 × 30 mm 3 . The aperture size of the proposed stage is 50 × 50 mm 2 . The proposed stage is shown in Fig. 2 . 
B. Amplification mechanism
The proposed stage uses amplification mechanism to achieve long range motion. To amplify the motion of stage, bridge amplification mechanism is commonly used in flexure stage. The commonly used bridge type amplification mechanism is shown in Fig. 3 .
The bridge type amplification mechanism generates downward direction displacement when a piezo-electric device expands. The other way, the reverse bridge type amplification mechanism generates upward direction displacement.
In this study, a new compact bridge type amplification mechanism (NCBT amplifier) is proposed and shown in Fig. 4 . Figure 4 (a) shows 3D modeling of a NCBT amplifier. The NCBT amplifier consists of two double-faced bridge type amplifiers: a coupler hinge and a piezoelectric actuator. Piezoelectric actuator is inserted between two double-faced bridge amplifiers. A front view and a bottom view of NCBT amplifier are shown in Figs. 4(b) and 4(c). The coupler hinge is on the NCBT amplifier. The coupler hinge prevents distortion of NCBT amplifier in lateral direction when other NCBT amplifier is actuating. This structure can make small height of a whole stage.
III. CONVENTIONAL BRIDGE TYPE VS. NEW COMPACT BRIDGE TYPE
The NCBT amplifier has advantages compared with conventional bridge type. First, the NCBT amplifier has smaller height than the conventional bridge type amplifier, since a height of piezo actuator is reduced by structure. In this section, comparisons between the NCBT amplifier and a conventional bridge type amplifier will be shown.
A FEM simulation was performed to compare the two amplifiers. The boundary condition of FEM simulation is shown in Fig. 5 . Each amplifier fixed at bottom part and applied 100 N at both side of amplifier. The NCBT amplifier's size is 29 mm × 46 mm × 12.5 mm. The conventional bridge type amplifier's size is 20 mm × 46 mm × 19.5 mm. We compare natural frequency of amplifiers when each amplifier's moving ranges are same. The moving range means upward displacement of moving plate when piezoelectric actuator was equipped. The moving range is calculated by using Eq. (1) and simulation data:
where D Moving is the moving range of amplifier, D PZT.max is the maximum displacement of piezoelectric actuator, and N is the amplification ratio of amplifier. K PZT and K flexure are the stiffness of piezoelectric actuator and flexure, respectively. The FEM simulation tool is ProEnginner/Mechanica. The multi-pass adaptive method and automatic triangular mesh elements were used, and polynomial order was up to eight. Figure 6 shows natural frequency of two amplifiers when moving range of each amplifier is varied. As shown in the figure, there is about 30∼200 Hz difference between conventional bridge type amplifier and NCBT amplifier. This shows that the NCBT amplifier has higher dynamic performance than the conventional bridge type amplifier. But the natural frequency of amplifier is greatly influenced by mass of each amplifier's links. Therefore, we compare two amplifiers in same link mass condition. , there is about 0∼200 Hz difference between conventional bridge type amplifier and NCBT amplifier. This shows that NCBT amplifier has higher dynamic performance than conventional bridge type amplifier when the amplifier has 0∼250 um moving range. In order to equal mass of link, we decrease the thickness of forced link. This gives rise to deflect of forced link more than NCBT amplifier.
As shown in Figs. 6 and 7, the NCBT amplifier has better dynamic performance than the conventional bridge type amplifier. Thus, the NCBT amplifier has advantages, such as dynamic performance and size. Proposed 3-DOF out-ofplane stage uses the NCBT amplifier to achieve good dynamic performance, long range, and compact size. To carry out an optimal design, modeling of 3-DOF stage is established in Sec. IV. 
IV. MODELING OF THE SYSTEM
Before performing an optimization process, a mathematical model of the proposed system is required. In previous studies, many mathematical models of flexure were proposed. Paros 7 analyzed stiffness of a circular hinge. Smith 8 analyzed motion stiffness of a leaf spring in desired motion. Kang 9 derived a 6-DOF stiffness equation for a clamped leaf spring. Koseki 10 analyzed compliance matrix of prismatic bar, circular hinge, and cylindrical bar. Ryu 11 proposed multibody dynamics of flexure system. In this study, Koseki's compliance matrix method and Ryu's multi-body dynamics are used.
The proposed system consists of 64 leaf springs, 8 circular hinges, and 49 rigid bodies. So a 6 × 6 compliance matrix is needed for leaf spring and hinge. The compliance matrix of hinge is shown in Eq. (2) . ⎡ 
The compliance of leaf spring and circular hinge is shown in Table I :
where E is the elastic modulus, G is the shear modulus, and k 2 is a geometric parameter by the ratio of b/t. From Ryu's modeling algorithm and the compliance matrix, the following equation is obtained: 
where M and K in Eq. (4) are the system mass matrix and the system stiffness matrix, respectively. m i is the mass of ith body. I A moving range of the system is obtained by following equation: Static displacement of all bodies is calculated under a given K matrix and F vector. Dynamic performance of the system is calculated by Eq. (12):
Moving range and natural frequency, the most important performance of the stage, can be obtained using Eqs. (11) and (12) . Tables II and III show a comparison of modeling and FEM simulation. Table II explains static performance and  Table III explains dynamic performance. Tables II and III executed to verify preciseness of the analytical model. We use ProEngineering/Mechanica simulation tool to check the effectiveness of the analytic model. As shown in Table II , the largest error of static performance is 8.467%. The analytic model shows the reasonable prediction of stiffness with less than 10%.
Also, the dynamic performance error is shown in Table III . The dynamic performance error is less than 5%. The conditions of analytic model and FEM simulation are same. Figure 8 shows modes of the system. Mode 1 is rotation x-axis, Mode 2 is rotation y-axis, and Mode 3 is rotation z-axis. The results of dynamic performance were calculated without the piezoelectric actuator.
V. OPTIMIZATION
The design goal of the system is shown in Table IV . To satisfy the design goal, it is necessary to optimize the parameters for wanted performance. Because of the performance of the system is greatly influenced by the design parameters, such as leaf spring thickness, length, and width, before optimization, it needs the model of the whole system that is presented in Secs. II-IV. The relationship between the design parameter and the performance of the system is very complicated. Thus, it is very difficult to determine the optimal design parameters manually. To determine the design parameters, a sequential quadratic programming (SQP) method and MATLAB have been used. The cost function of the optimal design is determined to maximize the system bandwidth for improving dynamic characteristics. Equation (13) shows the cost function of the optimal design for the system. There are five design parameters, all of which are presented in Fig. 9 :
As shown in Fig. 9 , l, t, gap relate to the bridge flexure structure and t 1 , r relate to coupler hinge. The optimal design objective is to minimize the cost function. The problem includes several constraints, for example, maximum stress in the leaf spring, moving range of the system, and distortion of NCBT amplifier. Thus, it is necessary to make constraints for successful design. In this study, there are three constraints.
First, considering the moving range of the system, Eq. (14) shows the constraint of moving range: means moving range of the stage, and 38 × 10 −6 means maximum displacement of piezo actuator. Second, considering the maximum stress constraint, Eq. (15) shows the maximum stress constraints:
This equation was obtained by Kim et al. 12 K stress is the stress concentration factor. Deformation angle of the hinge: θ is obtained from static model. Third, when the stage tilts, the NCBT amplifier should not distort. Equation (16) shows the distortion constraint of the NCBT amplifier:
The SQP method does not vouch for always yielding a global minimum. design. The five different starting points verify that the global minimum had been found. In Table V , S opt shows the results of the optimal design. The value of optimal design results is unsuitable for manufacturing. Thus, reasonable design values (S design ) were used in manufacturing. Table VI shows comparison of systems which design value and optimal value use.
VI. EXPERIMENTS
The NCBT amplifier was manufactured by wire electrical discharge machining (WEDM). The material of proposed stage was used Al6061-T6 whose yield strength is 276 MPa. Figure 10 shows the manufactured stage. Four piezoelectric actuators (P-887.91, PI) and amplifiers (SVR 350, Piezomechanik. GmbH) were used to drive the stage. The whole size of the stage is 150 × 150 × 30 mm 3 . Three capacitive sensors (CPL190, Lion Precision) were used for measuring the displacement of the moving part of the stage. The experimental setup is shown in Fig. 11 . The controller used in Fig. 11 was DS1103 (dSPACE corp.), which is a real time controller. Figure 12 shows the first resonance frequency of the stage. The result in Fig. 12 was obtained by impulse response of the system without the piezoelectric actuator. The first resonance frequency of the stage is 165.5 Hz. The first resonance frequency of the stage shows a reasonable prediction with errors less than 10%.
The experimental results of closed-loop maximum displacement are presented in Fig. 13 . As shown in Fig. 13(a) , the Z-directional motion range of stage is 190 μm. Also, the θ y-directional and θ x-directional motion ranges are ±2 mrad as shown in Figs. 13(b) and 13(c). A PID controller was used to verify the closed-loop control performance. Figure 14 shows resolutions of the stage. The Zdirectional resolution is 4 nm as shown in Fig. 14(a) . The θ y -directional and θ x -directional resolutions are 40 nrad. All errors of comparing experimental results with design results are less than 10%. The difference between the experimental results and design results is the error of the manufacturing process. Figure 15 shows undesirable in-plane (X, Y, θ z ) motion of the stage. Actually, this stage does not have guide system. Therefore, the stage can be generated undesirable in-plane motion. We checked undesired motion of the stage using laser interferometer. Figure 15(a) shows undesired X-axis motion of stage when stage travels 190 um on Z-axis. As shown in Fig. 15(a) , the run-out motion is less than 100 nm. This is caused by mirror flatness. Figures 15(b) and 15(c) on Z-axis. Undesired Y-axis motion is less than 150 nm. Undesired θ z -axis motion is less than 0.5 urad. As shown in Fig. 15 , there are no coupled in-plane motions during traveling in Z-axis.
VII. CONCLUSION
A 3-DOF out-of-plane nano positioning system was proposed in this paper. The stage has the aperture to measure a bio-specimen. To achieve a long moving motion, a new compact bridge type amplification mechanism was developed. The dynamic performance enhancement of a NCBT amplifier has been compared with a conventional bridge type amplifier. The stage consists of four NCBT amplifiers integrated with piezoelectric actuator. The optimization procedure was performed and the performance of the stage was verified by experiment. The stage has a closed-loop Z-directional motion range of 190 μm, θ y -directional and θ x -directional motion range of ± 2 mrad, and closed-loop resolutions of 4 nm, 40 nrad, and 40 nrad in the Z-, θ y -, and θ x -directional motions, respectively. The first resonance frequency of stage is 165.5 Hz. Therefore, the new compact bridge type amplification mechanism can be applied to many applications that require good dynamic performance and nano precision with compact size.
